1. Introduction {#sec1}
===============

The innate immune response provides a defense against a variety of pathogens and is often the initiator of a cascade of inflammatory responses. Antimicrobial peptides (AMP) act as an important defense mechanism against bacterial, viral or fungi infection of eukaryotic organisms. These innate immune molecules are synthesized by epithelial cells or lymphocytes \[[@bib1]\]. Though there several AMPs, the Cathelicidin LL-37 (henceforth referred to as LL-37) peptide is the only member of the family of human cathelicidins. In recent years, this peptide has gained the interest of the scientific community because, besides its antimicrobial properties, LL-37 is an immunomodulator that can contribute to the development of autoimmune diseases. This review will focus on the structure, function, and importance of the LL-37 in innate immunity, as well as the biologic plausibility of its role in the pathophysiology of certain autoimmune diseases mainly systemic lupus erythematosus (SLE).

2. Structure of LL-37 {#sec2}
=====================

LL-37 is a cationic protein of 37 amino acids encoded as an inactive predecessor by *cAMP* on chromosome 3. This gene encodes the human cationic antimicrobial peptide 18 (hCAP 18), which has an atomic weight of 18 ​kDa \[[@bib1],[@bib2]\]. Under physiologic conditions, LL-37 assumes a secondary alpha helix structure and acquires amphipathic properties that allow its interaction with bacterial membranes or other anionic components \[[@bib3],[@bib4]\]. The hydrophobic portion is mainly composed of positively charged residues that interact with negatively charged molecules such as lipopolysaccharide (LPS), genetic material, and bacterial cell wall \[[@bib5]\]. Its cationic amphipathic alpha helix structure has three domains---an N-terminal alpha helix adjacent to a C terminal alpha helix and a C-terminal tail---each with a unique function \[[@bib5], [@bib6], [@bib7]\]. The N-terminal alpha helix is involved in chemotaxis of innate immune cells, formation of peptide oligomers, proteolytic protection of the cell, and has hemolytic activity in humans. The C terminal alpha helix consists of the antimicrobial peptide core and, therefore, is responsible of antimicrobial, antineoplastic and antiviral activity of LL-37. The C-terminal tail is essential for the formation of peptide tetramers, interacting primarily with negatively charged molecules, such as anionic phosphatidylglycerols, LPS of gram-negative bacteria, and teichoic acid of gram-positive bacteria. This domain provides target specificity against bacterial anionic membranes, while protecting eukaryotic cationic membranes, as the latter are composed of cholesterol and phospholipids \[[@bib3],[@bib8]\].

2.1. Induction and synthesis of LL-37 {#sec2.1}
-------------------------------------

LL-37 was initially thought to be a peptide only present constitutively in the secondary granules of neutrophils \[[@bib2]\]. This molecule is now known to be synthesized in multiple cells, such as Natural Killer lymphocytes (NK), macrophages, and epithelial cells of the intestine, airway, genitalia, eye surface, skin, and some endocrine glandules, among others \[[@bib5],[@bib9]\]. The constitutive expression of LL-37 in multiple epithelial cells confers on it a crucial role in the defense against pathogen-induced diseases. It is known that LL-37 concentration rises in response to wounds, UV radiation, direct damage to the epithelial barrier, certain components of the bacterial cell wall, and endoplasmic reticulum stress, among many others \[[@bib6],[@bib10]\]. LL-37 is stored as a precursor molecule in granules within neutrophils, NK cells, and mastocytes, from where it released in response to Toll-like receptor (TLR) or cytokine signaling in response to infections or tissue damage \[[@bib6]\]. First, the inactive precursor hCAP 18 is released to the extracellular space, where it is cleaved in its C-terminal domain by serine proteases of the kallikrein family in keratinocytes \[[@bib2],[@bib9]\] and by proteinase 3 in neutrophils \[[@bib11]\]. The neutrophils, by virtue of the high concentrations of LL-37 they release at sites of inflammation, play an important role as they amplify the immune response to the point of eradicating the infection \[[@bib10]\].

Among the signaling pathways responsible for LL-37 production, two play an important role---vitamin D-induced LL-37 expression naturally under non-inflammatory conditions, and nuclear factor K--B (NF-KB)-induced expression that is activated under during inflammation and endoplasmic reticulum stress \[[@bib12], [@bib13], [@bib14]\]. The former pathway is inhibited by the NF-KB, which plays an important role in the regulation of CAMP. This stimulates not only protein expression, but also its secretion from cells and its activation through proteolytic processes \[[@bib13]\]. Ultimately, the objective of LL-37 is to stimulate the repair of epithelial functions after an immune assault.

2.2. LL-37 and its functions in innate immunity {#sec2.2}
-----------------------------------------------

In recent years, LL-37 has been shown to be immensely important due to its multi-functional role in the primary defense against invasion by bacteria, fungi, and viruses. As an antimicrobial agent, high concentrations of LL-37 at inflammatory sites confer protection against both gram-positive and gram-negative bacteria \[[@bib15],[@bib16]\]. LL-37 also functions as a chemokine \[[@bib17]\], by modulating or stimulating immune cells \[[@bib18]\]. As well, LL-37 participates in wound healing, reepithelization, and scarring mediated by transactivation of the epidermal growth factor receptor, inducing the migration of keratinocytes \[[@bib19]\].

Perhaps its most important role is as an antimicrobial peptide; LL-37 has the ability to form pores in bacterial cell wall \[[@bib5],[@bib6]\]. Upon reaching the external layer of the bacterial cell wall, LL-37 forms complexes with diverse molecules attaining a concentration threshold that permits translocation of monomers to the periplasmic space and to the internal surface of the internal layer. This allows the formation of pores and leak of cytoplasmic material to the extracellular space \[[@bib5]\]. Besides this, LL-37 can perturb the integrity of the bacterial cell wall through interactions with electron transport proteins, thereby altering membrane homeostasis.

Another interesting feature of LL-37 is its ability to deliver double-stranded ribonucleic acid (dsRNA) of viruses and bacterial plasmids to endosomal TLRs that are located in the proximity of the nucleus. In the absence of LL-37, plasmids are degraded by nucleases, but in its presence it protects the DNA forming a complex LL-37-Plasmid DNA. This complex allows and increase the internalization capacity of the plasmid DNA into the mammal cells. Once inside the cell, the plasmid DNA stimulates TLR-7 and TLR-9 to produce type I IFN. In the matter of viral infection, the inflammation and damaged of tissues causes the release of dsRNA from viruses and necrotic cells. *In vitro*, using human bronchial epithelial and human embryonic kidney cells transiently transfected with TLR3, it was found that dsRNA forms a complex with LL-37 to activate TLR-3. The TLR3 agonist polyinosinic:polycytidylic acid (poly(I:C)) enhances this activation, causing the translocation of the transcription factor NF-kB and interferon regulatory factor 3 (IRF3) to the nucleus increasing the production of type I IFN \[[@bib20], [@bib21], [@bib22]\].

By lowering the permeability of epithelial cells, LL-37 confers cell wall the robustness required to protect cells against bacterial infection, proteins of the viral capsid, and against fusion of viral envelope membrane \[[@bib23]\]. LL-37 also exhibits antimycotic properties by interacting with the membrane of certain fungi and directly inducing reactive oxygen species (ROS), aiding in the separation and rapid disintegration of the membrane in vesicles \[[@bib24]\]. [Table 1](#tbl1){ref-type="table"} summarizes the functions of LL-37 in the innate immunity.Table 1LL-37 functions in innate immunity.Table 1Antimicrobial agentProtection against gram-positive and negative bacteria.\[[@bib15],[@bib16]\]Protection to infectionLL-37 lowers the permeability of epithelial cells inhibiting the entry of microorganisms to them.\[[@bib5]\]Chemokine functionLL-37 modulates and stimulates the function of monocytes, lymphocytes, neutrophils and mastocytes.\[[@bib54]\]Wound healingReepithelization and scarring by transactivation of epidermal growth factor receptor, inducing keratinocytes migration.\[[@bib19]\]Improves coestimulationHigh concentrations of LL-37 induce a higher expression of membrane CD86.\[[@bib52]\]Enhance type I IFN responseLL-37 delivers dsRNA to TLR3 with their agonist poly(I:C) which produces the transcription of NF-kB and IRF3 and enhances the type I IFN response.\[[@bib22]\]Prevention of sepsisLL-37 binds to LPS to prevent the activation of TLR4.\[[@bib31]\]Delivers plasmids to the nucleiIt prevents the degradation of plasmids from nucleases and form complexes with the DNA to deliver them to the nuclei by lipid rafts to stimulate TLR7 and TLR9.\[[@bib55]\]Enhances the function of dendritic cellsDendritic cells derived from stimuli of LL-37 show a better capacity of endocytic capacity, high concentrations of phagocytic receptors, high concentrations of coestimulation molecules and high levels of type I IFN secretion which stimulates a better Th1 response against viruses and bacteria.\[[@bib53],[@bib56]\][^1]

2.3. Inflammatory and anti-inflammatory properties of LL-37 {#sec2.3}
-----------------------------------------------------------

Besides its antimicrobial functions, LL-37 acts as an immunomodulator by exerting both pro- and anti-inflammatory effects depending on the microenvironment where it is secreted \[[@bib10]\]. Several *in vitro* studies highlight these characteristics. During differentiation of monocytes into macrophages, the presence of 10 ​μg/mL of LL-37 creates a pro-inflammatory mileu, resulting in downregulation of IL-10 and increase in IL-12p40 that favors M1 macrophages population over the M2 type \[[@bib25]\]. These findings show the strong influence of LL-37 in the development and production of pro-inflammatory cytokines in macrophages. Additionally, the LL-37 also plays chemotactic roles among different types of immune cells. LL-37 can modulate the formyl-peptide receptor (FPR 2 receptor) to induce migration of eosinophils and neutrophils \[[@bib17]\]. In experimental models, LL-37 is capable of inducing the transcription of the chemokine, CXCL8 \[[@bib26]\] and the secretion of MCP-1/CCL-2, a recruitment factor of monocytes, regardless of the dosage \[[@bib27]\]. In the same way, some studies showed that LL37 enables keratinocytes and macrophages to recognize self-non-coding U1 RNA l by facilitating binding to cell surface scavenger receptors allowing the production of inflammatory cytokines such as IL-6 \[[@bib28]\].Furthermore, the cytokine TGF-β released from intestinal epithelial cells after being exposed to LL-37, exerts important chemotactic properties by inducing the migration of epithelial cells that aid in wound healing \[[@bib29]\]. Therefore, LL-37 released at the site of infections or injuries is capable of promoting an inflammatory response and initiating wound repair.

The anti-inflammatory properties of LL-37 were identified through its antagonistic actions against IFN-γ, TNF-α, IL-4, and IL-12 responses in several types of cells \[[@bib30],[@bib31]\]. LL-37 downregulates LPS-mediated TLR-4 signaling \[[@bib32]\], and interrupts the function of TLR-4 receptor in dendritic cells and macrophages \[[@bib33],[@bib34]\] in the presence of LPS, resulting in lower levels of pro-inflammatory cytokine production.

3. LL-37 and its role in SLE pathogenesis {#sec3}
=========================================

SLE is an autoimmune disease characterized by the loss of tolerance to nuclear antigens, the deposition of immune complexes on tissues, and multi-organic compromise \[[@bib35]\]. Commonly, the cells implied in SLE pathogenesis are primarily from the adaptive immune system, with B-lymphocytes being the most relevant. Nevertheless, its pathophysiology is not totally understood. However, in recent years, the key participation of other cells in SLE development has been demonstrated. Particularly, the chronic activation of pDCs by surrounding immune complexes is a key factor for the early development of autoimmunity in SLE patients \[[@bib36]\]. The activation of pDCs leads to production of type I IFNs, which is a hallmark feature of most SLE patients, which is corroborated by the finding that genomic studies have identified 95% of children and 70% of adults with SLE have a high IFN-inducible gene expression profile \[[@bib37],[@bib38]\]. The mechanisms leading to chronic activation of pDCs have also been elucidated and in the recent years, the role of neutrophils has taken center stage in SLE pathogenesis.

Neutrophils are one of the main cells in circulation and are usually the first to arrive at sites of inflammation. Once there, activated neutrophils are capable of phagocytosing or releasing AMP, proteolytic enzymes, and ROS; however, in addition, another antimicrobial effector mechanism has been identified. Termed, NETosis, it consists of a process of condensation and release of the intracellular content of neutrophils to create an extracellular net (NETs) that allows the destruction of the microorganisms, but which also leads to death of neutrophils \[[@bib39],[@bib40]\]. It is plausible that in SLE patients, the alteration in apoptotic bodies clearance, *via* the NETs, by DNAses inhibitors or by anti-NET autoantibodies will lead to an affected function of NET \[[@bib38],[@bib40], [@bib41], [@bib42]\].

It was demonstrated that SLE patients have higher serum levels of LL-37 than in healthy individuals \[[@bib41]\], and this molecule along with human neutrophils peptides (HNP), were essential for the immunogenicity of immune complexes containing DNA, that are resistant to DNAse-mediated degradation. It was also demonstrated that anti-LL-37 and anti-HNP antibodies were present in these patients. The complexes (LL-37-DNA/anti-DNA) are recognized by the receptor FcγRII on pDC, allowing its endocytosis and its recognition via TLR9, leading to the activation of pDC and enhanced type I IFN production \[[@bib41]\]. Indeed, LL-37 has been demonstrated as a key molecule in the activation of pDC in psoriasis patients \[[@bib43]\]. Since the immune complexes activated neutrophils to generate NETs, it was concluded that peptide-antimicrobial/DNA complexes were essential for formation of NETs. Others have demonstrated the role of AMPs in NETs, activation of pDC and the production of type I IFN \[[@bib44],[@bib45]\]. The positive correlation between anti-LL-37 and anti-HNP antibodies with the anti-DNA antibodies in SLE patients suggests that neutrophil-derived AMPs along with DNA may act as B cell autoantigens \[[@bib38]\] (See [Fig. 1](#fig1){ref-type="fig"}**)**.Fig. 1**Activation of Plasmacytoid Dendritic Cells by cathelicidin LL-37**. Anti-LL37 antibodies and circulating anti-DNA antibodies activate neutrophils to form NETs, leading to the release of DNA ​+ ​LL-37 immune complexes which are recognized by the FcγRII receptor on pDCs, via TLR 9, enhancing the activation and production of type I IFN in pDCs. The IFN, thus released, is recognized by IFN receptor (IFNR) on the neutrophil, leading to cellular activation to form the NETs, allowing the translocation of LL-37 to the cell membrane, where it is recognized by the anti-LL37 antibody.Fig. 1

Given that type I IFN signature is characteristic of SLE patients and reflects disease perpetuation and severity, it seems biologically plausible to use LL-37 as a biomarker of lupus activity. Although, the *in vitro* role of LL-37 in SLE pathogenesis has been demonstrated; *in vivo* LL-37 serum measures by EIA are not conclusive. Some studies show a lack of association between LL-37 and disease activity or organic compromise \[[@bib46],[@bib47]\], without this association being altered by other variables such as age, sex or duration of the disease; though higher levels of LL-37 have been associated with presence of chronic cutaneous lupus erythematosus \[[@bib48],[@bib49]\]. However, the inconsistency in findings warrants additional studies to investigate whether LL-37, which may have a biological role in SLE pathogenesis, could serve as a marker of lupus activity.

4. LL-37 in other autoimmune/inflammatory diseases {#sec4}
==================================================

LL-37 has caught the attention of researchers in the field of autoimmune/inflammatory diseases because immune complexes participate in the pathophysiology and disease perpetuation. An example of this is psoriasis, an inflammatory disease where the impact of LL-37 in disease perpetuation has been extensively studied \[[@bib50]\]. Psoriasis is characterized by skin inflammation, keratinocyte proliferation, enhanced type I IFN signature, and increased LL-37 levels \[[@bib43]\]. In other way, the LL-37/DNA complex can promote the loss of tolerance and stimulate TLR9 on pDCs, leading to an increase in type I IFN and the activation of additional inflammatory pathways to perpetuate the disease \[[@bib43]\]. Moreover, whether the increase in LL-37 in rheumatoid arthritis (RA) patients \[[@bib51]\] was a component of the disease pathogenesis was investigated, and it was demonstrated that LL-37 can induce osteoblast apoptosis, and participate in periarticular osteopenia, seen in RA patients \[[@bib52]\]. Furthermore, LL-37 is known to undergo citrullination, which is associated with RA pathogenesis. Citrullination potentiates LL-37's chemotaxis capacity, thereby contributing to RA pathophysiology \[[@bib53]\]. The findings in various studies of LL-37 strongly indicate that LL-37 participates as an important mediator perpetuating inflammation in RA patients. Nevertheless, additional studies are needed to corroborate this association.

5. Conclusion {#sec5}
=============

In recent years, LL-37 has caught the attention of the scientific community because of its demonstrated overexpression and its capacity to form DNA-immune complexes, leading to amplification of type I IFN signaling in autoimmune pathologies such as SLE. Given its biological plausibility, it is possible to postulate LL-37 as a useful biomarker of disease activity; however, more studies are needed to support this premise.
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